The XPS measurements were carried out for the annealing time sample sequence grown and annealed at 1x 10 -4 mbar as discussed in figure 2. Given the high surface sensitivity of XPS, a careful consideration of the probing depth is necessary to distinguish changes in the bulk of the sample from interface effects. With the kinetic energy of 1127 eV for Ti 2p3/2 photoelectrons, the inelastic mean free path λ is ~21.5 Å 1 (similar for both STO and LAO) 1 , resulting in an effective λ eff of ~21.5 Å for a photoemission angle of 0°. The photoelectron intensity contribution generated at a depth z below the interface can then be related to the onsite photoelectron intensity as
, which makes the total photoelectron intensity a summation of the signals from all detectable cells. As a result, the probing depth of the XPS measurement (3 λ eff ) is ~65 Å and the information depth in STO is around 46 Å (~12 u.c. STO) with 19 Å (5 u.c.) LAO on top. As previous XPS and HAXPES studies of LAO/STO interfaces confirmed that the 2DEG is confined to a few unit cells (u.c.) STO beneath LAO, this means that the signal we measured using XPS results from a superposition of the 2DEG (~1-5u.c.) and a significant contribution from the STO bulk underneath the 2DEG.
2 Assuming a thickness of 1 u.c. for demonstration purposes (the same description is valid for different thicknesses, compare figure 3 in ref 2 ), the Ti 3+ contribution can be described as Thus we can describe the annealing-time-dependent XPS signal with a Ti 3+ concentration of 18%/u.c. within the first STO unit cell at the interface for the 2DEG, which does not change with annealing time, and a bulk Ti 3+ concentration of 1.6%/ u.c., which decay to zero with increasing annealing time. The charge carrier density of the sample annealed for 3500s is n s ~1.2x10 Taking into account the vastly different thicknesses of the interface and the bulk, this change in bulk Ti 3+ concentration also accounts for the change in G S and n S , which is around two orders of magnitude. As a summary, we conclude that the conductive interface between LAO/STO with n S ~10 14 cm -2 remains unchanged during the post annealing process, while the reduced STO bulk underneath the 2DEG, which is responsible for the extremely high G S and n S before the post annealing, is gradually oxidized.
S3
To make the in-situ annealing data comparable to the thermally equilibrated state measured at high temperature like 1073 K, we rescaled the electron mobility with the temperature dependence of electron mobility in SrTiO3 3, 4 
. By replacing the room temperature mobility by this estimated mobility at high temperature of 1073 K, the conductance data for the anneal time sequence (Figure 2) can be rescaled and compared to the conductance from HTEC. 
